Immune mechanisms contribute to cerebral ischemic injury. Therapeutic immunosuppressive options are limited due to systemic side effects. We attempted to achieve immunosuppression in the brain through oral tolerance to myelin basic protein (MBP). Lewis rats were fed low-dose bovine MBP or ovalbumin (1 mg, five times) before 3 h of middle cerebral artery occlusion (MCAO). A third group of animals was sensitized to MBP but did not survive the post-stroke period. Infarct size at 24 and 96 h after ischemia was significantly less in tolerized animals. Tolerance to MBP was confirmed in vivo by a decrease in delayed-type hypersensitivity to MBP. Systemic immune responses, characterized in vitro by spleen cell proliferation to Con A, lipopolysaccharide, and MBP, again confirmed antigen-specific immunologic tolerance. Immunohistochemistry revealed transforming growth factor ␤1 production by T cells in the brains of tolerized but not control animals. Systemic transforming growth factor ␤1 levels were equivalent in both groups. Corticosterone levels 24 h after surgery were elevated in all sham-operated animals and ischemic control animals but not in ischemic tolerized animals. These results demonstrate that antigen-specific modulation of the immune response decreases infarct size after focal cerebral ischemia and that sensitization to the same antigen may actually worsen outcome.
Inflammation plays a role in propagating cerebral ischemic injury and, consequently, immunosuppressive agents improve outcome in experimental models of stroke (1) (2) (3) (4) . Most available immunosuppressive agents, however, have systemic side effects that would limit therapeutic use in stroke. We attempted to control inflammation in the brain by inducing oral tolerance to the central nervous system (CNS) antigen, myelin basic protein (MBP). Oral tolerance is a well-established model whereby immunologic tolerance is induced to a specific antigen through feeding of that antigen (5, 6) . The nature of the tolerance depends upon the amount and schedule of antigen feeding. Clonal deletion of antigen-reactive T cells occurs after a single feeding of a very high dose of antigen (7, 8) , and active tolerance occurs after repetitive low-dose feeding of the antigen (9) (10) (11) (12) (13) . Upon restimulation with the appropriate antigen, T cells in animals tolerized with a low-dose regimen secrete cytokines such as transforming growth factor ␤1 (TGF-␤1), interleukin (IL) 4, and IL-10 (9-11), which suppress cell-mediated, or Th1, immune responses. As a result, the immune response is deviated toward a humoral, or Th2, response. Although activation of these T cells is antigenspecific, the immunomodulatory cytokines secreted in response to activation have nonspecific effects. Thus, immunosuppression will occur wherever antigen is present, regardless of whether or not that antigen prompted the initial immune response. This phenomenon, known as bystander suppression (6) , leads to relatively organ-specific immunosuppression (14) .
Cerebral injury leads to breakdown of the blood-brain barrier (BBB) (15) (16) (17) , exposing CNS antigens to the peripheral circulation (18) (19) (20) (21) (22) (23) and allowing the peripheral circulation access to the brain. Immune responses to these antigens after stroke are not well characterized and may contribute to the pathogenesis of ischemic injury. The literature focuses on the contribution of neutrophils to cerebral ischemic injury, but T cells and natural killer cells are also present in the brain within 24 h after stroke (24) . Active immunologic tolerance to CNS antigens, such as MBP, theoretically could decrease cerebral inflammation and improve outcome after stroke through bystander suppression. We hypothesized that rats orally tolerized to MBP would have smaller infarcts after transient middle cerebral artery occlusion (MCAO) than control animals. Conversely, animals sensitized to MBP should have a more robust inflammatory response, and consequently, larger infarcts.
MATERIALS AND METHODS

Animals.
Male Lewis rats (6-10 weeks old) were tolerized to bovine MBP (OT-MBP, n ϭ 23) by repetitive gavage with 1 mg of protein in 0.5 ml of PBS every 2-3 days for 2 weeks (a total of five feedings). A second group of animals was fed ovalbumin (OVA; 1 mg͞0.5 ml of PBS) on a similar schedule (control, n ϭ 38). A third group of animals was sensitized to MBP (Sens-MBP, n ϭ 6) by injection of guinea pig MBP (50 g of MBP in 50 l of PBS mixed with an equal amount of complete Freund's adjuvant) into the hind footpad. Bovine MBP, OVA, and complete Freund's adjuvant were purchased from Sigma. Guinea pig MBP was a gift from Laura Quigley (National Institute of Neurological Disorders and Stroke, Bethesda). Two days after the last feeding (OT-MBP and control) or 6 days after immunization (Sens-MBP), the middle cerebral artery was occluded under halothane anesthesia (2%) via a 4.0-monofilament suture inserted into the internal carotid artery and advanced 17-20 mm (25) . In sham-operated animals, the suture was inserted into the carotid artery but not advanced (OT-MBP, n ϭ 11; control, n ϭ 9). The average duration of surgery and anesthetic administration was 15 min. Body temperature was continuously monitored during surgery and maintained at 37-38°C with a thermostatically controlled warming blanket, but animals were allowed to thermoregulate thereafter. Three hours after MCAO, reperfusion was established by withdrawing the suture under brief anesthesia. Sham-operated animals underwent the same brief period of anesthesia. Animals were sacrificed by cardiac puncture and decapitation under halothane anesthesia 24 h (OT-MBP, control) or 4 days (OT-MBP, control, and Sens-MBP) after ischemia. Immunologic parameters were referenced to a group of naive animals with no prior manipulations (n ϭ 11). Blood was collected into heparinized syringes at sacrifice and plasma samples stored at Ϫ70°C until needed.
Infarct Size. In the first experiments, animals were sacrificed 24 h after ischemia. Brains were sectioned coronally and incubated in 2% triphenyl tetrazolium chloride (Sigma) at 38°C for 30 min. In the second experiments, animals were sacrificed 4 days after ischemia, and brains were frozen, sectioned coronally at 16-m intervals (because of marked necrotic injury, tissue integrity could not be maintained with thinner sections), and stained with cresyl violet. Infarct size was determined by using a digitized imaging system (NIH Image). Sections stained with triphenyl tetrazolium chloride were analyzed at five predetermined levels (bregma ϩ1.00, Ϫ0.40, Ϫ1.80, Ϫ3.20, and Ϫ4.40); sections stained with cresyl violet were analyzed at six predetermined levels (bregma ϩ2.40, ϩ1.00, Ϫ0.40, Ϫ1.80, Ϫ3.20, and Ϫ4.40). Both direct and indirect measurements [to correct for the presence of edema (26)] of infarct size were made.
In Vivo Immune Responses. Delayed-type hypersensitivity responses were assessed to confirm the efficacy of the tolerizing regimen. Animals were tolerized to MBP (n ϭ 4) or ovalbumin (OVA, n ϭ 3). Control animals (n ϭ 4) were not handled. All animals then were immunized with bovine MBP (50 g of MBP in 50 l of PBS mixed with 50 l of complete Freund's adjuvant and injected into the hind footpad) and then rechallenged with bovine MBP (50 g in 50 l of PBS) injected into the ear 15 days later. Change in ear thickness, expressed in millimeters, was measured with microcalipers (Mitutoyo, Japan) 48 h later by an observer blinded to treatment.
In Vitro Immune Responses. Spleens were removed aseptically, single-cell suspensions were prepared, and the total number of cells was determined. Splenocyte proliferation was assessed 24 h or 4 days after ischemia. Cells were suspended in RPMI 1640 medium (supplemented with 10% fetal calf serum, 0.05 M 2-mercaptoethanol, 1% sodium pyruvate, 1% nonessential amino acids, 1% L-glutamine, 1% penicillinstreptomycin, and 1 M Hepes) and cultured in 96-well microtiter plates (1.5 ϫ 10 4 cells per well) in a volume of 0.2 ml per well. All cell culture reagents were purchased from GIBCO͞ Life Technologies. Cells were cultured with the T cell mitogen Con A (4 g͞ml), the B cell mitogen lipopolysaccharide (Escherichia coli, serotype 0111:B4; 0.25 g͞ml), or bovine MBP (25 g͞ml) for 144 h. Mitogens were purchased from Sigma. Proliferation was assessed by pulse-labeling cells with [methyl-3 H]thymidine at 1 Ci per well (specific activity 25 Ci͞mmol; Amersham; 1 Ci ϭ 37 GBq) for the final 18 h of culture and harvesting onto glass fiber filters (Skatron, Sterling, VA) by using a multichannel harvesting device (Mash II; Skatron). Incorporation of [methyl-3 H]thymidine was measured by liquid scintillation spectroscopy and results were expressed as stimulation indices (SI). The SI is calculated by dividing the cpm of the mitogen-or antigen-stimulated cells by the cpm of the cells incubated in medium alone. All cultures were performed in quadruplicate.
TGF-␤1 Assay. Plasma TGF-␤1 levels were determined with an enzyme-linked immunoassay kit for human TGF-␤1 (R & D Systems) that cross-reacts with the rat protein. Values are expressed in ng͞ml with the lower limit of detection equal to 0.005 ng͞ml.
Steroid Assay. Corticosterone levels were assessed by standard radioimmunoassay (ICN). Detection limits were approximately 25 ng͞ml to 1000 ng͞ml.
Histology and Immunohistochemistry. Histology was performed on animals sacrificed 4 days after MCAO or sham surgery. Brains were frozen, sectioned at 16 m, and stored at Ϫ70°C until staining. Sections were fixed in 4% paraformaldehyde and incubated with the following antibodies: rabbit polyclonal anti-rat IL-1␤ (Cytokine Sciences, Boston; 1:100 dilution), mouse monoclonal anti-porcine glial fibrillary acidic protein (Sigma; 1:1,000 dilution), rabbit polyclonal anti-rat TGF-␤1 (LC1-30-1; provided by Kathleen Flanders, National Cancer Institute; 1:300 dilution) (27) , mouse monoclonal anti-rat pan T cell marker OX-52 (Biosource; 1:10 dilution), and a mixture of mouse monoclonal antibodies to several different rat neurofilament markers, SMI 311 (Sternberger Monoclonals, Baltimore, 1:1,000 dilution). Antibody binding sites were visualized with fluorescein isothiocyanate and Texas Red. Negative controls were performed by replacing the primary antibody with nonimmune Ig.
Statistics. Data are expressed as the mean Ϯ SEM. Statistical significance was determined by repeated-measures ANOVA (infarct size) or by one-way ANOVA with post-hoc Dunnett's test (corticosterone levels and immune responses). All tests were two-tailed and significance was set at P Ͻ 0.05.
RESULTS
Animals fed bovine MBP before immunization with bovine MBP had a significant decrease in the delayed-type hypersensitivity response, as determined by increase in ear thickness (0.059 Ϯ 0.039 mm; P Ͻ 0.05), compared with animals fed OVA (0.228 mm Ϯ 0.044) or control animals (0.180 Ϯ 0.032 mm; Fig. 1 ).
All animals undergoing MCAO demonstrated clinical evidence of stroke and became febrile during ischemia (OT-MBP ϭ 38.6 Ϯ 0.13°C; control ϭ 38.6 Ϯ 0.06°C; Sens-MBP ϭ 38.3 Ϯ 0.19°C). A further increase in temperature occurred during the first 3 h of reperfusion (OT-MBP ϭ 39.0 Ϯ 0.08°C; control ϭ 39.3 Ϯ 0.10°C; Sens-MBP ϭ 38.6 Ϯ 0.24°C). OT-MBP temperatures returned to baseline by 24 h after MCAO (37.7 Ϯ 0.17°C) but control temperatures (38.2 Ϯ 0.19°C) remained slightly elevated. Only two Sens-MBP animals were alive at 24 h; their mean (ϮSEM) temperature was 38.0 Ϯ 0.15°C. There were no significant differences among OT-MBP, control, or Sens-MBP temperatures at any time.
In the first experiments (3 h of ischemia and 21 h of reperfusion), there was a nonsignificant trend toward decreased mortality in OT-MBP (12.5%, n ϭ 8) as compared with control (46.7%, n ϭ 15) animals. In the second experiments (3 h of ischemia and 4 days of reperfusion), there was a 100% 4-day mortality among animals sensitized to guinea pig MBP (Sens-MBP, n ϭ 6). Limited necropsy revealed herniation as the etiology of death. There was a trend toward decreased mortality at 4 days in OT-MBP (33.3%, n ϭ 15) as compared with control (56.5%, n ϭ FIG. 1. Delayed-type hypersensitivity reactions. The degree of ear swelling in MBP-immunized animals 48 h after rechallenge with MBP. Animals were orally tolerized to MBP (OT-MBP), orally tolerized to OVA, an irrelevant antigen (OT-OVA), or were not tolerized at all (control). ‫,ء‬ significant difference from control and OT-OVA at P Ͻ 0.05 as determined by one way ANOVA with post-hoc Dunnett's test. 23 ) animals, but the differences in 4-day mortality among Sens-MBP, OT-MBP, and control animals were not statistically significant. The mortality for control animals undergoing MCAO is not different for those that have or have not been fed OVA (data not shown).
Infarct Size. Infarcts had the features of pan necrosis. Infarct size 24 h after ischemia was significantly less in OT-MBP as compared with control animals at each of the five levels assessed (Fig. 2) . With the effect of edema eliminated, differences are less marked but still significant (data not shown). Infarct size 96 h after ischemia, corrected for the presence of edema, was again significantly less in OT-MBP animals (Fig. 3) .
In Vitro Immune Responses. Compared with naive animals (90.2 Ϯ 15.4), there was a nonsignificant trend in ischemic animals for decreased splenocyte proliferation to Con A at both 24 and 96 h. There were no significant differences among the experimental groups at either time point (OT-MBP ϭ 64.4 Ϯ 13.0 and 54.8 Ϯ 11.1; control ϭ 53.1 Ϯ 8.06 and 79.5 Ϯ 14.0; 24 and 96 h, respectively). Similarly, there were no significant differences in proliferation to lipopolysaccharide at 24 (1.53 Ϯ 0.84 and 1.89 Ϯ 0.45) or 96 (7.86 Ϯ 2.32 and 7.02 Ϯ 2.61) h among OT-MBP or control animals, respectively. Sham-operated OT-MBP animals showed a significant increase in proliferation to MBP (3.00 Ϯ 1.29; P Ͻ 0.05) 96 h after surgery, compared with naive animals (1.00 Ϯ 0.13) that was suppressed with ischemia (1.40 Ϯ 0.15). MBP induced splenocyte proliferation in ischemic control (1.93 Ϯ 0.72) and sham-operated control (1.27 Ϯ 0.29) animals was no greater than in naive animals (Fig. 4) .
TGF-␤1 Levels. There were no significant differences in plasma TGF-␤1 levels among OT-MBP (24.2 Ϯ 8.5 ng͞ml, n ϭ 6), control (31.3 Ϯ 5.74 ng͞ml, n ϭ 9), and naive (16.9 Ϯ 2.57 ng͞ml, n ϭ 7) animals 24 h after MCAO. TGF-␤1 levels decreased 96 h after MCAO in both OT-MBP (18.8 Ϯ 5.53 ng͞ml, n ϭ 10) and control (12.9 Ϯ 2.57 ng͞ml, n ϭ 10) animals, but only in the latter group did the mean fall below that of naive animals. TGF-␤1 levels in sham-operated animals did not differ from their ischemic counterparts or from naive animals at either time point (data not shown).
Steroid Levels. Plasma corticosterone levels were significantly elevated 24 h after surgery in ischemic control animals (247.5 Ϯ 17.27 ng͞ml) and both sham-operated OT-MBP (278.8 Ϯ 16.39 ng͞ml) and control (254.7 Ϯ 42.09 ng͞ml) animals as compared with naive animals (118.7 Ϯ 25.46 ng͞ml) (P Ͻ 0.05 for all). Only ischemic OT-MBP animals (185.3 Ϯ 22.84 ng͞ml) failed to evidence a rise in corticosterone (Fig. 5) . Four days after surgery, corticosterone levels in ischemic   FIG. 2 . Measurement of infarct size at five predetermined coronal levels 24 h after ischemia in OT-MBP (n ϭ 7) and control (n ϭ 6) animals as detected by triphenyl tetrazolium chloride staining. Groups differ from each other as determined by repeated measures ANOVA (P Ͻ 0.05).
FIG. 3.
Infarct size, measured on cresyl violet-stained sections, 96 h after MCAO. Infarct size, corrected for the presence of edema, is significantly less in OT-MBP animals (n ϭ 8) as compared with control animals (n ϭ 9). Groups differ from each other as determined by repeated measures ANOVA (P Ͻ 0.05).
FIG. 4. Stimulation indices to MBP in animals 4 days after MCAO
or sham surgery (OT-MBP, n ϭ 5; control, n ϭ 4). Experimental groups are compared with naive animals (n ϭ 11) and significance set at P Ͻ 0.05 ‫)ء(‬ as determined by one-way ANOVA with post-hoc Dunnett's test.
FIG. 5. Corticosterone levels 24 h after MCAO (OT-MBP
, n ϭ 5; control, n ϭ 8) or sham surgery (OT-MBP, n ϭ 7; control, n ϭ 6). Experimental groups are compared with naive animals (n ϭ 6) and significance set at P Ͻ 0.05 ‫)ء(‬ as determined by one way ANOVA with post-hoc Dunnett's test. Immunohistochemistry. No labeling was seen with negative controls. Robust TGF-␤1 labeling, which was largely neuronal, was seen 4 days after ischemia in OT-MBP and control animals. Astrocytes did not evidence TGF-␤1 production. T cells were present in all ischemic animals. They were primarily intravascular in control animals and they were more numerous, intravascular, and frequently intraparenchymal in OT-MBP animals. Most T cells stained with both TGF-␤1 and OX-52 in OT-MBP animals but very few evidenced double labeling in control animals (Figs. 6) . IL-1␤ was present within astrocytes of the ischemic penumbra in both groups. No evidence of T cells or IL-1␤ was seen in sham-operated or naive animals. Neuronal TGF-␤1 was seen in all animals, although the magnitude was greatest in those with ischemia.
DISCUSSION
Inflammation contributes to cerebral injury in stroke (28, 29) . Outcome after cerebral ischemia is improved by antiinflammatory strategies, such as depleting the circulating pool of leukocytes (30, 31) , inhibiting leukocyte function (32) , and blocking leukocyte adhesion (33, 34) , and by immunosuppressive drugs, such as high-dose steroids (35) , cyclosporine A (1, 2), and FK506 (3, 4) . At present, however, there are no interventions that limit the CNS inflammatory response without also affecting systemic responses. We attempted to control inflammation in an organ-specific fashion by inducing oral tolerance to the CNS antigen MBP. By using a model of low-dose tolerance, we demonstrate that MBP-specific modulation of the immune response results in decreased infarct size at both 24 and 96 h after stroke. Because the presence of water in tissue overestimates true infarct size, the contribution of edema must be eliminated for an accurate measurement. Nonetheless, we included the uncorrected measure at 24 h because edema is an important marker of secondary injury. Cerebral edema can impair collateral blood flow, worsen ischemia, and ultimately lead to cerebral herniation and death.
Oral administration of an antigen results in deviation of the lymphocyte response from a Th1 to a Th2- (36) or Th3-like (9, 13) response. Th1 responses are characterized by secretion of proinflammatory cytokines such as IL-1␤, tumor necrosis factor ␤, IL-2, IL-12, and interferon ␥, and Th2 responses are characterized by secretion of cytokines such as IL-4, IL-5, IL-6, IL-10, and IL-13, which suppress cell-mediated responses and favor the development of humoral responses (37) (38) (39) . TGF-␤1-producing cells induced by oral administration of antigen have been coined Th3 cells (9, 13) . Aspects of oral tolerance unique to the CNS are best described for experimental allergic encephalomyelitis (EAE). EAE occurs after immunization of susceptible animals with MBP in adjuvant. Approximately 8-10 days after immunization the permeability of the BBB is altered (40) and T cells infiltrate the brain (41) . By day 10-15, animals develop pathologic and clinical signs of EAE (42, 43) , including mild to severe hind-limb paresis, weight loss, and death. Feeding animals MBP prior to immunization can prevent EAE. This occurs by an active process whereby T cells primed to MBP during feeding generate a Th2 or Th3-like response upon re-encounter with the antigen (6, 9-11, 36, 44) . Of the cytokines secreted by these T cells, TGF-␤1 is crucial for preventing EAE (10, 11, 14, (44) (45) (46) . And even though TGF-␤1 secretion is stimulated in an antigen-specific fashion, TGF-␤1 itself has no antigen specificity. Thus, immunosuppression occurs wherever antigen is present (6) .
Because the BBB is disrupted in stroke (15) (16) (17) , immune cells gain access to brain and relatively sequestered CNS antigens are exposed to the peripheral circulation. The breakdown of the BBB leads to rapid acquisition of MBP-reactive T cell clones and Igs in stroke patients (47-49) but does not lead to autoimmune encephalitis. Why these autoreactive T cells do not cause disease is unclear but may be related to the lack of appropriate costimulatory molecules in the brains of stroke patients (50) . Accordingly, the use of MBP to manipulate the immune response does not imply that immunologic responses to MBP are pathologic. MBP was chosen as the antigen in this study because serum levels of MBP are elevated after stroke (20) , precise feeding regimens for inducing tolerance to MBP are documented (9, 10, 51) , and the mechanisms of this tolerance are well studied (9, 10). Any CNS-specific antigen exposed to the peripheral circulation after breakdown of the BBB could theoretically alter the local immune response after stroke inasmuch as activated antigen-specific T cells would enter the CNS circulation and secrete immunoregulatory cytokines, such as TGF-␤1, upon encountering antigen.
Animals sensitized to MBP did not survive MCAO. This likely occurred because, as a result of immunization, immunocompetent MBP-reactive T cells were present and able to mount an immune response upon breakdown of the BBB. Animals underwent MCAO 6 days after immunization with MBP because this is when T cells are beginning to accumulate within the cerebral vasculature but no clinical or pathologic signs of disease are present. These primed T cells elaborate proinflammatory cytokines that produce the pathology seen in EAE (10, (52) (53) (54) and also worsen outcome in stroke (55-58) . This, then, may represent a situation where appropriate costimulation is present in the brain as a result of immunization (59), and when antigen is presented to the autoreactive T cells after stroke, an overwhelming cerebral inflammatory response occurs leading to edema, herniation, and death. This is also consistent with the observation that focal brain lesions enhance the activity of EAE (60) .
There were no differences in mitogen-induced splenocyte proliferation among experimental and naive animals, suggesting that the neuroprotection conferred by oral tolerance was not due to generalized immunosuppression. The antigen specificity of tolerance was documented by abrogation of the delayed-type hypersensitivity response to MBP. In addition, sham-operated tolerized animals had increased MBP responsiveness that was suppressed by ischemia. This pattern of in vitro responses has been documented (61) and suggests that there is antigen-specific priming of T cells with feeding that requires antigen reexposure to induce the immunosuppressive phenotype.
Mortality was not a prespecified outcome in this study, but because of the high mortality in control animals after MCAO, corticosterone levels were assessed to determine the magnitude of the stress response to repeated handling and oral gavage. In comparison to other strains, Lewis rats have a blunted response of the hypothalamic-pituitary-adrenal axis to stress (62, 63) , making them more prone to inflammatory and immunologic diseases, and, in part accounting for their susceptibility to EAE (64, 65) . Plasma corticosterone levels were not elevated in OT-MBP animals 24 h after stroke as they were in control animals. But because corticosterone levels were elevated in sham-operated OT-MBP animals, cerebral ischemia in these animals may have affected corticosterone production. Hence, the effects of tolerance were not strictly organ-specific since systemic corticosterone levels were altered. How MCAO attenuated corticosterone responses in tolerized animals was not assessed, but it is possible that there were transient differences in systemic TGF-␤1 levels that were not appreciated because of its short half-life (66) . TGF-␤1 inhibits steroid production at the level of the adrenal medulla (67) . Furthermore, the effect of central TGF-␤1 on steroid production has not been systematically studied, so it is possible that central TGF-␤1 could also attenuate the steroid response.
Although we have shown that antigen-specific tolerance decreases infarct size in the Lewis rat model, the mechanism of neuroprotection has not been fully addressed. Exogenous administration of TGF-␤1 limits injury and improves outcome in several models of cerebral ischemia (68, 69) . This may be related to its immunosuppressive properties, but TGF-␤1 also has direct effects on neuronal survival (70, 71) . There is rapid up-regulation of TGF-␤1 mRNA after cerebral ischemia (72, 73) , suggesting an endogenous role for TGF-␤1 in limiting cerebral injury. Even nanogram quantities of TGF-␤1, when injected directly into ischemic brain tissue, can salvage neurons (74) . In the present model, systemic levels of TGF-␤1 were not altered by tolerance, yet there was an apparent difference in TGF-␤1 production within the brains of tolerized and control animals as evidenced by double-label immunohistochemistry 4 days after MCAO. Exact quantification of TGF-␤1 in the brain, or administration of TGF-␤1 neutralizing antibodies, would help confirm its role in the protective response. And because even physiologic levels of steroids worsen outcome in stroke (75) , preventing the initial systemic increase in corticosterone after ischemia in tolerized animals may also have been protective.
Finally, the populations of lymphocytes, be they systemic or resident brain T cells, responsible for the protective effect seen in this model is unclear. If systemic lymphocytes are important for protection, preventing lymphocyte trafficking into the brain with antiadhesion molecules after ischemia should abrogate the protective effect. Additionally, if systemic T cells are responsible, adoptive transfer of lymphocytes from tolerized animals to naive recipients undergoing ischemia should confer protection. These experiments also might be repeated in another strain of rat where the immune system behaves differently. Fischer rats, for example, have a robust hypothalamic-pituitary-adrenal response to stress (62, 63) and are resistant to inflammatory disease (65, 76) . Comparison of outcome in Lewis and Fischer rats after MCAO may help to address the relative contribution of the immune system and inflammation to ischemic cerebral injury and further delineate the mechanisms and utility of immune deviation therapy in stroke.
CONCLUSIONS
Because of the breakdown of the BBB after stroke, one can capitalize on the unique exposure of relatively sequestered CNS antigens to the peripheral circulation. We have shown that MBP-specific modulation of the immune response can decrease infarct size after transient MCAO in Lewis rats. Histology suggests that this is due to a Th2-or Th3-like response in the brains of tolerized animals. Furthermore, enhancing immune responses to CNS antigens, as was done in sensitized animals, may worsen outcome after stroke.
Oral tolerance effectively initiates antigen-specific and, through the bystander effect (6), organ-specific immunosuppression (14) . This phenomenon allows for its use in the treatment of autoimmune disease. Oral tolerance is most easily induced in mice and rats, but other species can also be tolerized, and have been, to treat autoimmune arthritis (77) , uveitis (78) , myasthenia gravis (79, 80) , diabetes (81) , colitis (82) , and thyroiditis (83) , as well as EAE and multiple sclerosis (84) . Once induced, tolerance is sustained for months (85) . Humans can be orally tolerized, and administration of MBP to humans has proven to be safe (84) . It is therefore conceivable that patients with cerebrovascular disease, or risk factors for cerebrovascular disease, be prophylactically tolerized to CNS antigens so that in the event of stroke, specific immunosuppression is in place. Immune deviation also occurs with inhalation of aerosolized antigens (77, 86) , and since the effects of a fed or inhaled protein on T cell function are quite rapid (87) , it would be possible to treat acute stroke patients with emergent administration of MBP. The optimism for therapeutic applications, however, is tempered by recent reports documenting induction of cytotoxic T lymphocyte responses in mice (88) and pathogenic autoantibody production in marmosets (89) after immune deviation therapy. Thus, the long-term effects of this model need to be assessed before it can be advocated for clinical use in stroke.
